Expression of ζ-chain-associated protein kinase 70 kDa in chronic lymphocytic leukemia (CLL) is associated with more aggressive disease and can help differentiate CLL from cases expressing mutated or unmutated immunoglobulin heavy chain variable region (IgHV ) genes. However, standardizing ZAP-70 expression by flow cytometric analysis has proved unsatisfactory. The key point is that ZAP-70 is weakly expressed with a continuous expression pattern rather than a clear discrimination between positive and negative CLL cells, which means that the resulting judgment is subjective. Thus, in this study, we aimed at assessing the reliability and repeatability of ZAP-70 expression using the geometric mean fluorescence intensity (geo MFI) index method based on flow cytometry with 256-channel resolution in a series of 402 CLL patients and to compare ZAP-70 with other biological and clinical prognosticators. According to IgHV mutational status, we were able to confirm that the optimal cut-off point for the geo MFI index was 3.5 in the test set. In multivariate analyses that included the major clinical and biological prognostic markers for CLL, the prognostic impact of ZAP-70 expression appeared to have stronger discriminatory power when the geo MFI index method was applied. In addition, we found that ZAP-70-positive patients according to the geo MFI index method had shorter time to first treatment or overall survival (P=0.0002, P=0.0491). This is the first report showing that ZAP-70 expression can be evaluated by a new approach, the geo MFI index, which could be a useful prognostic method as it is more reliable, less subjective, and therefore better associated with improvement of CLL prognostication and prediction of clinical course.
Introduction
Chronic lymphocytic leukemia (CLL) is a B-cell chronic lymphoproliferative disorder characterized by proliferation of small B-cells expressing the CD5 + CD23 + antigens. 1, 2 The clinical course of CLL is heterogeneous. Some patients have aggressive disease and a short survival, while others have an almost normal life expectancy without the need for treatment. Therefore, constantly emerging biological parameters have been used to try to differentiate between the prognostic subsets. [3] [4] [5] Using retrospective studies, the mutational status of immunoglobulin heavy chain variable region (IgHV) genes has been identified as a prognostic marker that can distinguish CLL patients with aggressive disease from those with a more indolent clinical course. 6, 7 Unfortunately, IgHV mutational analysis is complex, expensive, time consuming, and difficult to perform in a routine clinical laboratory. Subsequently, several studies have measured ζ-chain-associated protein kinase 70 kDa (ZAP-70) protein expression in CLL using flow cytometry, and submit your manuscript | www.dovepress.com
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Wu et al showed that the expression of ZAP-70 may serve as a strong surrogate marker for IgHV mutational status in distinguishing heterogeneity of CLL. The expression of ZAP-70 was found to be higher in patients with unmutated IgHV genes than in those with mutated genes; the predominant method of quantification being flow cytometry. [8] [9] [10] However, flow cytometric analysis of ZAP-70 has proven to be problematic in follow-up studies, although various methods for the detection of ZAP-70 by flow cytometry have been evaluated to develop an optimized assay for determining ZAP-70 expression. 8, 11, 12 Unfortunately, to date a consensus has not been reached.
In this study, we aimed at developing a more reasonable and objective flow cytometric assay strategy to evaluate the clinical impact of ZAP-70 expression in the hope that a new method could be established to reduce interlaboratory discrepancies. To validate this technique, we took advantage of a consecutive series of 402 CLL cases, all with a complete clinical and biological prognostic assessment.
Materials and methods Patients
Peripheral blood samples were collected from 402 previously untreated patients with CLL, between January 2008 and March 2015. All samples were collected into heparinized or EDTA tubes. All patients met the International Workshop CLL criteria for the diagnosis and treatment of CLL. 13 A complete clinical and biological assessment was available for all samples, including Binet stage at diagnosis, IgHV and p53 gene mutational status, β 2 -microglobulin (β 2 -MG), interphase fluorescence in situ hybridization (FISH) analysis, and CD38 status. 13, 14 This study was approved by the ethical committee of the First Affliated Hospital of Nanjing Medical University, and written informed consent was obtained from all patients. The clinical characteristics are summarized in Table 1 .
ZaP-70 Protein staining
ZAP-70 analysis was performed on fresh cells within 8 hours of blood collection. For each sample, cells were counted and whole blood was diluted with PBS to a final concentration of 5×10 6 to 10×10 6 cells/mL. One million cells were stained with CD3 FITC (clone SK7), CD19 PerCP-Cy5.5 (clone SJ25C1), and CD5APC (clone L17F12; all from BD Biosciences, San Jose, CA, USA) for 15 mintues in the dark, and then treated with fixatives and permeabilizing reagents (BD Biosciences) according to the manufacturer's instructions. The cells were then stained with 5 µL of phycoerythrin (PE)-conjugated 
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Geometric mean fluorescence intensity index method anti-ZAP-70 (clone 1E7.2, BD Biosciences), followed by vortexing for 2-3 seconds and incubation for 20 minutes at room temperature. Control cells were stained with an isotypematched PE-conjugated control mAb (BD Biosciences). Cells were then washed once in 2 mL phosphate-buffered saline (PBS), resuspended in 500 µL PBS, and analyzed by flow cytometry on a FACSCalibur flow cytometer and analyzed with CellQuest software (BD Biosciences). The stained lymphocytes were gated on the basis of their forward and side light-scatter properties. For each sample, 40,000 events were acquired and analyzed using CellQuest Software. For analysis of ZAP-70 expression in CLL patients, two different methods were used: 1) Percentage of positive cells compared to T-cells: The ZAP-70 expression of CLL cells was estimated according to an approach by Crespo et al. 8, 15 Briefly, the lower limit of the fluorescence range corresponding to 98% positive internal T-cells was used as the threshold marker. The threshold for positivity for ZAP-70 was 20%. 2) The geometric mean fluorescence intensity (geo MFI) index method: this approach was based on the evaluation of ZAP-70 expression levels in terms of geo MFI index. A two-tube method was used to calculate the ZAP-70 geo MFI index obtained from T-lymphocytes, CLL cells, and PE-conjugated isotype controls from CLL cells. Each program permits the analysis of ZAP-70 or PEconjugated isotype control histograms with 256-channel resolution. Nonspecific staining was evaluated on gated CLL cells in a CD19/PE-isotype control plot, setting the electric voltage and compensation so that the geo mean of CLL cells was 10±1 (tube 2). Subsequently, ZAP-70 was measured on a histogram, utilizing the "geo mean" parameter, on gated T-lymphocytes (T-geo mean), or CLL cells (B-geo mean) as defined in the CD3/CD5 or CD5/CD19 dot plot (tube 1). Values of the isotype control and CLL cells were determined from the CD5 + CD19 + gate and a minimum of 20,000 cells was collected. The T-cell geo mean was determined from the gate of CD3 + CD5 + cells (minimum collection of 1,000 cells). These values were then used to calculate the geo MFI index between corresponding T-geo mean and B-geo mean values (T/B geo mean). Youden's index was calculated in patients to optimize sensitivity and specificity of the ZAP-70 geo MFI index in distinguishing between those with mutated and unmutated IgHV status, and the 3.5 index value was very near to the best cut-off. Therefore, the geo MFI index lower than 3.5 was used as the threshold for ZAP-70 positivity. BD Biosciences). Isotype controls were run with each sample to distinguish positive cells from negative cells. CD5 + CD19 + were gated, and CD38 + cells were measured in CD5 + CD19 + lymphocyte population. The cut-off point for CD38-positive CLL cells was .30%.
CD38 expression by flow cytometry
statistical evaluation
All statistical analyses were carried out using SPSS (version 17.0; IBM Corporation, Armonk, NY, USA). Differences in time to first treatment (TTT) and overall survival (OS) were assessed using the log-rank test, and survival curves were constructed according to the Kaplan-Meier method. Receiver operating characteristic curve analysis representing the relationship between sensitivity and specificity was compared by a nonparametric approach. The cut-off value for the geo MFI index method of ZAP-70 quantification was estimated in the training cohort by maximizing Youden's index (J = Sensitivity + Specificity -1). Multinomial logistic regression with ZAP-70 as dependent variable was used for multivariate analyses. A P-value lower than 0.05 was considered statistically significant, and all tests were two tailed.
Results clinical and biological features according to ZaP-70 geo MFi index
The characteristics of the 402 subjects are summarized in Table 1 . Median age was 60.8 years (range: 16-92), with 54.7% of the cohort aged 60 years or older, and the male/female ratio was 1.79:1. Median follow-up was 36.4 months (range: 1-267 months). Overall, ZAP-70 geo MFI index was positive in 155 (38.6%) of the 402 CLL patients. There were significant differences in the distributions of some clinical and biological features between the ZAP-70positive and ZAP-70-negative patients, as listed in Table 1 . In particular, 143/343 CLL patients had no mutation in the IgHV gene (41.7%). When the two readouts showed that the IgHV gene was not mutated and ZAP-70 status was positive, correlation analysis showed a significant concordance of 57.7% (P=0.051) and 64.4% (P,0.001) by applying the percentage and the geo MFI index methods, respectively ( Table 2 ). The concordance of P53 disruption status in geo MFI index group was higher than percentage methods (64.4% and 57.7%); however, there was no statistical significance (P=0.059; Table 3 ). In addition, the patients with a ZAP-70 geo MFI index higher than 3.5 presented with significantly lower clinical stage, fewer CD38 negative cases (,30%), and more favorable cytogenetic lesions compared to the index-positive patients. According to the percentage method, in which ZAP-70 evaluation is driven by the residual population of normal T-cells, 142/402 (35.3%) cases were defined as ZAP-70 positive using a cut-off value at 20% of positive cells. In the case of the geo MFI index method, in which ZAP-70 expression is evaluated taking into account the ISO B-, T-, and B-geo means, the optimal cut-off value of 3.5 was estimated by calculating the ZAP-70 geo MFI index at 256 channel resolution ( Figure 1) . In our series, 155 CLL patients (38.6%) had geo MFI index values $3.5 (ie, ZAP-70 negative), while 247 CLL patients (61.4%) had values ,3.5, and were, therefore, considered as ZAP-70-positive cases ( Table 1) .
The arithmetic mean and geo mean of CLL cells were analyzed for their FL2 signals in the isotype tube. These parameters were then used to evaluate the ZAP-70-labeled T-cells, as detected in the test tube. The mean ± standard deviation (SD) was 24.79±2.02, 10.03±0.61, 108.1+10.8, and 108.5+10.5 for mean ISO B-, geo mean ISO B-, mean T-, and geo mean T-cells, respectively ( Figure 2) .
Moreover, the data of eleven samples were independently evaluated by three operators. In the geo MFI index experiment and arithmetic mean fluorescence intensity (MFI) ratio method, 16 concordance in ZAP-70 expression was demonstrated in all patients. In contrast to these two analytic strategies, three CLL patients exhibited marked variation in ZAP-70 expression by the percentage method. It was difficult to distinguish positive and negative ZAP-70 values because the proportion varied between 15% and 25% ( Figure 3) . Moreover, when the result of percentage was compared with geo MFI in 402 CLL patients, there was discordance in 40 CLL cases (10%), and the percentage also varied between 15% and 25% all these 40 cases.
Prognostic relevance of ZaP-70 geo MFi index and univariate analysis
The expression of ZAP-70 geo MFI index and other known prognostic factors were analyzed in our cohort ( Table 1) . Using the ZAP-70 geo MFI index, we analyzed the different expression of these markers in ZAP-70-positive and ZAP-70-negative groups. Univariate analysis identified high expression of CD38, β 2 -MG, unmutated IgHV, high risk cytogenetic lesions, defined as del11q, del17p, or complex karyotype, and Binet stage as statistically significant predictors of poor prognosis. As shown in Table 1 , the ZAP-70positive group was significantly associated with unmutated IgHV (P,0.001), CD38 (P=0.016), cytogenetic abnormalities (P=0.017), and Binet stage (P,0.001 and P=0.002), but there was no statistically significant association with β 2 -MG (P=0.517).
Multinomial logistic regression with pooled multivariable analysis
For the multinomial logistic regression analysis, four independent variables which were associated with ZAP-70 expression at level of P-value ,0.05 in the bivariate analysis were retained in the analysis. These were Binet stage, IgHV mutation status, FISH results, and CD38. Those with values ,0.05 in the multivariable were considered statistically significant and were considered independent predictors of the ZAP-70 geo index. IgHV mutation status and Binet stage were significant throughout the study (odds ratio [OR]: 2.394, 95% confidence interval [CI]: 1.440-3.980 and OR: 1.561, 95% CI: 1.150-2.119; Table 4 ).
ZaP-70 expression according to the percentage and geo MFi index methods: prognostic significance
TTT and OS were assessed relative to ZAP-70 levels evaluated by the percentage or geo MFI index method in CLL cells. As shown in Figure 4 , regardless of the readout chosen to evaluate ZAP-70 expression, lower ZAP-70 geo MFI index levels always correlated with shorter TTT and OS in 
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Geometric mean fluorescence intensity index method Discussion ZAP-70, originally considered as a potential surrogate for VH mutational status, has predominant prognostic value. The expression of ZAP-70 can be assessed by different techniques, such as immunohistochemistry, Western blotting, reverse transcription polymerase chain reaction (RT-PCR), and flow cytometry. 8, 11, 12 Obviously, as a precise and fast methodology, flow cytometry has become a useful technique extensively used in routine cytometric laboratories. However, standardization for evaluation of ZAP-70 detection has not been easy.
The key problem is the weak ZAP-70 expression with a continuous expression pattern rather than a clear discrimination between positive and negative CLL cells. [17] [18] [19] Consequently, the resulting judgment tends to be subjective. Following the proposed protocol, we showed that determination of ZAP-70 status, which requires using T-or natural killer (NK)-cells for reference definition, 8, 20 can be discordant in 10% of the CLL cases. According to this classical analysis strategy, our results also showed no significant association between ZAP-70/T expression and IgHV mutational status Figure 4B and E; P=0.0002, P=0.0491 ). However, there was no significant difference for the patients with a high percentage of ZAP-70 ( Figure 4A and D; P=0.2639, P=0.5787).
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Wu et al and any other clinical-biological characteristic (data not shown). As a result, even with the same analysis method, different results may be obtained by different operators (Figure 3) . In our study, three of eleven CLL samples that were acquired and evaluated by different operators exhibited marked variation in ZAP-70 expression based on the percentage method. It is evident that the choice of controls and the method used to set a threshold to distinguish positive and negative ZAP-70 status in CLL remains challenging.
As a consequence, we consider it reasonable to assume that reduction of subjective error is the key point in standardizing ZAP-70 score. Of note, a resolution of 1,024 has been used in collection practices in flow cytometry. However, the higher resolution is associated with an inherent variability, due to subjectivity in cursor placement to determine the expression of ZAP-70-positive cells. 21, 22 In addition, the arithmetic MFI was used in calculations of the MFI ratio of T-cells/CLL cells in many laboratories. 16, 23 Although these results have been confirmed by a large international standardization project, 17 we believe that arithmetic MFI is not the best parameter to use in evaluating ZAP-70 expression. The reason is that another parameter, the geometric mean, would indicate the center of a distribution better than the arithmetic mean if a sample is normally distributed in flow cytometry. In our study, we show that the PE-conjugated CLL cells in the isotype control sample or the ZAP-70 expression of T-/CLL cells in the test sample are clearly normally distributed. In addition, SD of the geo mean of CLL cells is lower than the arithmetic mean ( Figure 2) .
In a previous study, Wilhelm et al 24 reported that high ZAP-70 variability of T/NK cells and isotype controls were observed in CLL patients. However, we found that when the PE-conjugated isotype control of CLL cells was a regular number (eg, 10±1), only minor discrepancies were observed between the geo MFI values of the ZAP-70 staining in T-cells ( Figure 2) . 
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Geometric mean fluorescence intensity index method Taken together, our results show for the first time that ZAP-70 expression can be evaluated by the geo MFI index method, which combines reducing resolution with using the parameter of geo MFI. According to the IgHV mutational status, we could confirm a value of 3.5 for the geo MFI index (actual value 3.65) as the optimal cut-off yielding the best segregation of ZAP-70-positive and ZAP-70-negative cases into two groups. Measurement using geo MFI index reduces the subjective error potentially present when assessing ZAP-70 expression by the percentage method. In our analysis, the result of 40 cases assessed based on the percentage method was modified by the geo MFI index method in our cohort. As can be seen in Figure 3 , a positive proportion of approximately 20% is most likely to lead to an error of subjective judgment because the result of all discordant patients analyzed varied between 15% and 25% (data not shown).
In addition, one point that needs to be addressed is that if the geo MFI index of ZAP-70 is lower than the established 3.5 cut-off and is marked as ZAP-70 positive in CLL cases. We assessed the expression of ZAP-70 using the percentage and geo MFI index methods with significant biological and clinical factors. The obtained results showed that the patients with a ZAP-70 geo MFI index lower than 3.5 were more likely to have a worse clinical stage at diagnosis and adverse biological factors, such as unmutated IgHV genes, CD38 + , advanced Binet stage, or high risk cytogenetic abnormalities (Table 1) .
Using the geo MFI index method, we also show that ZAP-70 positivity is an unfavorable factor for survival and TTT. By Kaplan-Meier analysis, patients with a level of ZAP-70 expression above the cut-off value had significantly longer OS and TTT than those patients with ZAP-70 expression levels below the cut-off value. However, the use of the percentage method did not result in significant differences in TTT or OS. Moreover, the difference in OS was no significant with T-cells/CLL cells by arithmetic MFI ratio method in our laboratory (Figure 4 ). Besides subjective factors, the reason that we did not see any significant values for the percentage method of ZAP-70 expression in either model may be due to the choice of antibody. In this study, we used a PE-conjugated antibody from BD Biosciences for all measurements of ZAP-70 expression. As previously described, the antibody against ZAP-70 supplied by Caltag may have better discrimination. 25 Encouragingly, it did not interfere with the result of geo MFI index measurement in CLL.
In conclusion, the prognostic significance of ZAP-70 in CLL has been emphasized in several retrospective analyses. 26, 27 However, a standardized procedure for ZAP-70 evaluation, which is associated with the different strategies and analytical approaches, is still lacking to date. Our results strongly suggest that assessment by the geo MFI index method, as proposed here, could be a useful method, as it is more reliable, less subjective, and therefore associated with improvement of CLL prognostication and prediction of clinical course.
